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ABSTRACT

Current vegetable production systems use polyethylene (plastic)
mulch and require multiple applications of agrochemicals. During rain
events, runoff from vegetable production is enhanced because 50 to
75% of the field is covered with an impervious surface. This study
was conducted to quantify off-site movement of soil and pesticides
with runoff from tomato (Lycopersicon esculentum Mill.) plots con-
taining polyethylene mulch and a vegetative mulch, hairy vetch (Vicia
villosa Roth). Side-by-side field plots were instrumented with auto-
mated flow meters and samplers to measure and collect runoff, which
was filtered, extracted, and analyzed to determine soil and pesticide
loss. Seasonal losses of two to four times more water and at least
three times as much sediment were observed from plots with polyethyl-
ene mulch (55.4 to 146 L m 2 and 247 to 535 g m 2, respectively) versus
plots with hairy vetch residue (13.7 to 75.7 L m * and 32.8 to 118 g
m 7, respectively). Geometric means (*standard deviation) of total
pesticide loads for chlorothalonil (tetrachloroisophthalonitrile) and
«- and (-endosulfan (6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-
6,9-methano-2,4,3-benzodioxathiepin 3-oxide) for a runoff event were
19, 6, and 9 times greater from polyethylene (800 = 4.6, 17.6 = 3.9,
and 39.1 = 4.9 pg m 2 respectively) than from hairy vetch mulch plots
(42 = 6.0, 2.8 + 5.0, and 4.3 + 4.6 g m % respectively) due to greater
concentrations and larger runoff volumes. The increased runoff vol-
ume, soil loss, and off-site loading of pesticides measured in runoff
from the polyethylene mulch suggests that this management practice
is less sustainable and may have a harmful effect on the environment.

A}RICULTURAL runoff has been implicated in the fail-
ure of commercial shell fish farms and in contrib-
uting to the Pfiesteria piscicida outbreaks in the Mid-
Atlantic region of the USA. The USEPA estimates that
routine agricultural activities are responsible for more
than 60% of the nation’s surface water pollution prob-
lems (USEPA, 1990). Depending on weather conditions
and field slope, as much as 5% of applied pesticides may
be transported in runoff from agricultural fields (Wau-
chope, 1978). A number of agrochemicals have been
detected in surface waters (Baker and Richards, 1990;
Johnson et al., 1994) and several studies have demon-
strated significant negative effects of agrochemicals on
aquatic organisms and ecosystems resulting from non-
point-source agricultural runoff (Stevenson et al., 1986;
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Scott et al., 1990; Chandler and Scott, 1991; Clark et
al., 1993; Savitz et al., 1994). In addition, bactericides,
insecticides, and fungicides required to protect vegeta-
ble crops are known to have adverse effects on finfish,
shellfish, and other aquatic organisms at environmen-
tally relevant levels (Scott et al., 1987; Baughman et al.,
1989; Pait et al., 1992; Hetzer et al., 1999, 2000).

Tomatoes are one of the most economically important
vegetables grown in the USA. The U.S. tomato industry
includes both the fresh market and processing tomato
industries, which have average annual yields of 3.5 bil-
lion pounds (ca. 1.6 billion kg) and 9.8 million tons (ca. 8.9
million Mg) valued at $1.1 billion and $529 million,
respectively (Davis et al., 1998). Fresh-market vegetable
production generally requires polyethylene (plastic)
mulch to primarily control weeds and to preserve soil
moisture. Use of this impervious mulch on 50 to 75%
of the field may cause large amounts of water to run
off the fields with an intense pulse of agrochemicals and
sediments during rain events. Research from McCall et
al. (1988) and Wan and El-Swaify (1999) have shown
greater runoff volumes and soil erosion associated with
polyethylene mulch relative to bare soil.

Compared with conventional production agriculture,
polyethylene mulch systems have an additional sur-
face for pesticide adsorption—desorption, which may
enhance or impede chemical runoff and degradation
rates. The sorption of pesticides to plastic will vary de-
pending on the chemical properties of the pesticide and
type of plastic. Vuik et al. (1990) reported that etridia-
zole (5-ethoxy-3-trichloromethyl-1,2,4-thiadiazole), a
lipophilic organic fungicide, adsorbed to polyethylene
but not to polyvinyl chloride while oxamyl [S-methyl
N',N’-dimethyl-N-(methylcarbamoyloxy)-1-thio-oxa-
mimidate], a more polar organic fungicide, did not ad-
sorb to either plastic. Topp and Smith (1992) observed
that atrazine (6-chloro-N?-ethyl-N*isopropyl-1,3,5-tri-
azine-2,4-diamine), a triazine heribicide, was more read-
ily removed from an aqueous solution with low-density
polyethylene than high-density polyethylene. Nerin et
al. (1996) reported several organochlorine and organo-
phosphorus pesticides, in an aqueous solution, sorbed
to low-density polyethylene after 15 d of contact time
and pesticide degradation was not observed once ad-
sorption occurred.

Vegetative cover crops, particularly hairy vetch, have
been shown to be a profitable management practice
for fresh-market tomato production resulting in higher
tomato yields and lower production costs than polyeth-

Abbreviations: BC, corn grown in bare soil; DOY, day of year; PT,
tomatoes grown in polyethylene mulch; VC, corn grown in hairy vetch
residue mulch; VT, tomatoes grown in hairy vetch residue mulch.
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ylene mulch or bare soil (Kelly et al., 1995). Gross re-
turns from tomatoes grown in hairy vetch residues were
$700 to $13 000 ha~! more than from the polyethylene
mulch (Kelly et al., 1995). In addition to its economic
feasibility, cover crops including hairy vetch have been
shown to reduce soil erosion, increase soil organic mat-
ter, improve soil tilth (Smith et al., 1987), increase soil
infiltration and soil moisture (McVay et al., 1989), act
as a slow-release fertilizer (Wagger, 1989; Ranells and
Wagger, 1996), and suppress weeds (Teasdale, 1996).
Field and laboratory studies have demonstrated that
crop residues, vegetative mulches, and vegetative filter
strips can reduce runoff, soil erosion, and the off-site
transport of pesticides and nutrients from agricultural
fields (Ghadiri et al., 1984; Dao, 1991; Sur et al., 1992;
Zuzel and Pikul, 1993; Dell et al., 1994; Webster and
Shaw, 1996).

This field study was designed to quantitatively com-
pare the off-site movement of soil and agrochemicals
from conventional polyethylene mulch and hairy vetch
residue plots over three complete growing seasons. Re-
sults of this work provided high-quality scientific data to
farmers and researchers on the advantages of vegetative
mulch systems over polyethylene mulch. The large com-
prehensive data set will also be valuable in modeling
efforts to determine environmental effect of these two
production systems on a field or watershed scale.

MATERIALS AND METHODS
Site Description

Runoff water was collected from tomato plots grown under
polyethylene and hairy vetch mulch on a study site located at
the Henry A. Wallace Beltsville Agricultural Research Center,
Beltsville, Maryland (USA). This site was chosen for its slope
(5.2 to 7.1%) to facilitate the collection of runoff water. The
2500-m? field is comprised of Mattapex silt loam (fine-silty,
mixed, active, mesic Aquic Hapludult with 1.3 to 1.6% organic
carbon content). The site was divided into 16 plots, each with
four raised beds (15 cm high, 27 m long, 0.9 m wide, and 1.5 m
center-to-center), prepared in a north-south direction. Eight
of the 16 plots were equipped with a fiberglass H-flume to
capture runoff water. Each flume was equipped with an auto-
mated flow meter and runoff sampler containing twenty-four,
300-mL glass bottles (ISCO [Lincoln, NE] Model 6700).
Earthen berms were constructed around each plot to prevent
water movement between plots. Runoff was collected from
the three central rows within each four-bed plot.

Treatments—Management Practices

Four plots were randomly assigned each of the four treat-
ments using a randomized complete block design. The four
treatments included tomatoes grown in polyethylene mulch
(PT), tomatoes grown in hairy vetch residue mulch (VT), corn
(Zea mays L.) grown in bare soil (BC), and corn grown in
hairy vetch residue mulch (VC). Runoff water was collected
from the eight plots containing tomato plants. No runoff was
collected from the eight plots planted in corn. Tomato and
corn plots were rotated annually, PT with BC and VT with
VC, to minimize pest pressure.

Plant Cultivation

In September of 1996, 1997, and 1998, beds in the vegetative
mulch treatment plots were constructed and planted with hairy
vetch seed inoculated with the appropriate Rhizobium strain.
Further information on cultivation of hairy vetch cover crops
is given elsewhere (Abdul-Baki et al., 1996; Abdul-Baki and
Teasdale, 1997). In early May, the hairy vetch cover crop was
killed using a flail-mowing technique (Abdul-Baki and Teas-
dale, 1997), leaving a finely chopped layer of mulch residue
over the soil surface. By mid May, beds for the polyethylene
treatments were constructed and drip irrigation lines were
installed 8 to 10 cm from the plant row prior to the installation
of the polyethylene.

During the last week of May, ‘Sunbeam’ tomato plant seed-
lings were transplanted in the center of each bed with a no-
tillage planter to minimize the disruption of the mulches. Im-
mediately after transplanting, drip lines were added to the
surface of the mulch in the VT beds approximately 8 to 10 cm
from the plants. Measured trickle irrigation maintained the
plants during dry conditions. Urea fertilizer was dissolved in
water and applied to the plots through this irrigation system.
As a result of the nitrogen fixing capability of the hairy vetch
(Abdul-Baki et al., 1996, 1997) the vegetative mulch plots re-
ceived one-half of the urea concentration applied to the plastic
mulch. Tomato plants grown in the polyethylene and hairy
vetch mulch received equal quantities of water through the
irrigation system. The quantity of water applied with the trickle
irrigation system was not enough to produce surface runoff.

Pesticides

Pesticides monitored in the experiment were as follows:
Lexone DF herbicide (Du Pont, Wilmington, DE) containing
75% metribuzin [4-amino-6-(1,1-dimethylethyl)-3-(methyl-thio)-
1,2,4-triazin-5(4H)-one]; Asana XL insecticide (Du Pont)
containing 8.4% esfenvalerate [(S)-cyano(3-phenoxyphenyl)-
methyl (§)-4-chloro-a-(1-methylethyl)benzeneacetate]; Thio-
dan 50 WP insecticide (FMC, Philadelphia, PA) containing
50% endosulfan; Bravo 720 fungicide (ISK Biosciences, Men-
tor, OH) containing 40.4% chlorothalonil; and Kocide 101 fun-
gicide-bactericide (Aventis, Strasbourg, France) containing
77% copper hydroxide. Each was applied at recommended
rates, which resulted in the application of 42 mg m ™2 metribuzin,
3 mg m~? esfenvalerate, 56 mg m~2 endosulfan, 190 mg m2
chlorothalonil, and/or 129 mg m 2 copper for each application.

Precipitation Events

The summers of 1997 and 1998 were exceptionally dry and
only 240 and 270 mm of rain were received during the May
to September growing seasons, respectively. Although natural
rain events did occur during the experiment, dry soil conditions
and small rainfall amounts produced minimal runoff. In order
to fully evaluate pesticide losses with runoff under the two
agricultural systems, artificial rain events were created with
an overhead sprinkler system, when rainfall runoff had not
been produced within a week of pesticide applications. The
sprinkler system was erected around the field and between
the plots with sprinkler nozzles that were 1.8 m above ground
and spaced every 12 m, in order to give a relatively even ap-
plication of water to all plots simultaneously. This system
delivered from 7.5 to 14.3 mm h™! rain intensities to the plots,
which is similar to the average natural rainfall intensity
(~11 mm h ') during the growing season. Artificial rain events
were continued until all plots produced enough runoff water
to fill 24 sample bottles.
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Runoff Water Sample Collection and Processing

The ISCO automated samplers (Model 6700) were equipped
with a bubbler flow module (Model 730) that contains a small
microprocessor, a compressor, and a differential pressure trans-
ducer to measure the water level in the H-flume. The 6700
controller uses the known level-to-flow relationship of the
H-flume to calculate the flow rate and total flow from the
level measurement. Level-to-flow data were recorded every
5 min for as long as the flow module detected water in the
flume. A tipping-bucket rain gage measured the time and
intensity of each rain event. The level-to-flow data from each
plot and the field rain gage data provided sufficient informa-
tion to determine the time to runoff, time of the total runoff
event, total runoff volume, and runoff hydrograph (the profile
of the water flux intensity over the course of an event) for
each plot as well as the total rainfall. The automated samplers
were programmed to collect samples on a flow-weighted (vol-
ume) basis. The date and time were recorded as the peristaltic
pump and distributor arm delivered 300 mL of runoff to each
sample bottle. A total of twenty-four, 300-mL samples can be
collected from each event. Water samples were removed from
the samplers following the rain event, placed on ice, and trans-
ported to the laboratory for immediate processing. Each water
sample was characterized for quantity of sediment (total sus-
pended solids) and dissolved-phase pesticide concentrations.
A detailed description of the sample processing method is
given elsewhere (McConnell et al., 1998).

In order to determine the particle-phase pesticide concen-
tration, 50 mL from each sample was combined into an inte-
grated sample from each plot for a total of eight integrated
samples from each rain event. Integrated samples were filtered
through a glass fiber filter (Whatman [Maidstone, UK] GF/F,
0.7-pm nominal pore size) using a stainless steel filter holder.
Filters were removed, folded to protect particle material, and
frozen at —20°C until extraction. Prior to extraction and analy-
sis, each filter paper was weighed and divided into four sec-
tions, and the weight of each filter section was recorded. Sec-
tions of each filter paper were extracted and analyzed for the
applied organic pesticides and copper.

Extraction and Analysis Procedures
Dissolved-Phase Organic Pesticides

Due to the small sample volume and the large number of
water samples collected in this study, an innovative methodol-
ogy was required to accurately determine dissolved-phase or-
ganic pesticide concentrations. Water samples were extracted
and analyzed for metribuzin, chlorothalonil, a-endosulfan, and
B-endosulfan using a technique called solid-phase microex-
traction (SPME) coupled with capillary gas chromatography—
electron capture detection (GC-ECD). A detailed description
of the analytical method is given elsewhere (McConnell et al.,
1998). Briefly, 1.5 mL of filtered water (0.7 wm) was extracted
using a Varian (Palo Alto, CA) SPME III autosampler equipped
with either a 100-pm polydimethylsiloxane or 85-wm polyacry-
late fiber (Supelco, Bellefonte, PA) with agitation for 30 min.
Analyses were carried out using a Hewlett Packard (Santa
Clarita, CA) 5890 Series IT gas chromatograph with an electron
capture detector. Chromatographic conditions for chlorotha-
lonil and endosulfan analyses were as follows. Column: J&W
Scientific (Folsom, CA) DB-5 column, 30 m X 0.25 mm i.d.,
film thickness of 25 wm. Temperature program: injector tem-
perature 270°C, 150°C initial temperature, 2-min hold, 3°C
min~! to 200°C, 5-min hold, 10°C min~! to 260°C, 1-min hold,
detector temperature 270°C. Analyses for metribuzin were
carried out using the same chromatographic conditions with

the exception of the temperature program, which was as fol-
lows: injector temperature 280°C, 100°C initial temperature,
2-min hold, 7°C min ! to 260°C, 4-min hold, detector tempera-
ture 280°C. The limits of detection for the analytes of interest
are: chlorothalonil, 3500 ng L™}, a-endosulfan, 9.5 ng L™
B-endosulfan, 13 ng L~'; and metribuzin, 43 ng L™".

Fenvalerate and esfenvalerate were extracted from 5 mL
of runoff water using liquid-liquid extraction with three 5-mL
aliquots of ethyl acetate. Organic extracts were combined and
residual water was removed using a 2-g column of anhydrous
MgSO, and concentrated to 1 mL with a gentle stream of
high-purity N, gas and spiked with PCB #204 (60 ng) as an
internal standard. Calibration standards were prepared in de-
ionized water and extracted using the same method as the
samples. Deionized water control samples and blank water
(5 mL) spiked with 400 ng Asana were extracted along with
runoff samples. The limits of detection and extraction efficien-
cies for fenvalerate and esfenvalerate were 600 ng L™, 96.8 =
8.9% and 540 ng L™, 96.6 = 13.5%, respectively, and no
interfering peaks were observed in blank samples. Analyses
were carried out using the same chromatographic conditions
described earlier, with the exception of the temperature pro-
gram, which was as follows: 150°C initial temperature, 2-min
hold, 10°C min™~"! to 200°C, 3.5°C min~! to 270°C, 0.40°C min~!
to 275°C, 3.5-min hold.

Copper concentrations were determined following the
methods of Lindsay and Norvell (1978) and the American
Public Health Association (1989). A detailed description of
the copper levels measured in both the dissolved phase and
particle phase of the runoff are discussed elsewhere (Rice et
al., 2001).

Particle-Phase Organic Pesticides

A quarter of each filter from integrated water samples was
extracted with 3:1 dichloromethane (DCM) and acetone
(chromatographic grade) for 6 h using a Soxhlet apparatus.
Extracts were cleaned up using an LC-Alumina-N 2-g (Su-
pelco) cartridge topped with 1 g anhydrous MgSO, to remove
color, particle material, and water. An additional 15 mL of
1:1 DCM and acetone was passed through the cleanup column
and combined with the extract. Extracts were reduced using
a gentle stream of high-purity N, gas and exchanged into
isooctane. Extraction efficiency of the method was evaluated
by spiking filter papers used to filter runoff water containing
untreated soil with 2.5 to 3.0 ng of target analytes and 2.7 ng
of dibutyl chlorendate (DBC) as a sample-specific extraction
efficiency determination. Recoveries ranged from 85.3 = 4.9%
for chlorothalonil to 91.2 = 10.1% for metribuzin. Blank filter
papers were also extracted and analyzed with samples and no
interfering peaks were found.

Extracts were analyzed using the chromatographic condi-
tions described for dissolved-phase fenvalerate and esfenval-
erate, with the exception of the temperature program, which
was as follows: 150°C initial temperature, 2-min hold, 10°C
min~! to 200°C, 1-min hold, 3.0°C min "' to 260°C, 10-min hold,
7.0°C min~! to 280°C, 10-min hold. The method detection
limits for the target analytes were: chlorothalonil, 1.0 pg L™
a-endosulfan, 0.63 pg L% B-endosulfan, 2.2 pg L™!; metri-
buzin, 0.39 wg L} fenvalerate, 550 wg L™!; and esfenvalerate,
49 pg L1

Statistical Analysis

A randomized complete block design was used to assign
each treatment (PT, VT, BC, VC) to four plots throughout the
field. Analysis of variance (ANOVA) determined significant
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differences in runoff volume, soil loss, and pesticide loading
from tomatoes grown in polyethylene (PT) and hairy vetch
mulch (VT) for individual runoff events (Cochran and Cox,
1957, Steel and Torrie, 1980). The experiment was repeated
for three consecutive field seasons with four replications of
each treatment per season.

In addition, geometric means (*standard deviation) of the
1997 to 1999 runoff data were calculated to facilitate the com-
parison of trends for pesticide concentrations and loads in the
dissolved and particle phases of runoff from the two mulch
systems (Campbell, 1985). The geometric means were more
representative of the data sets than the arithmetic means as

1811

a result of several runoff events that contained pesticide con-
centrations that were orders of magnitude greater than typical
runoff events.

RESULTS AND DISCUSSION
Runoff Volume

Runoff volumes were measured per plot, per event and
the precipitation and average runoff volumes are shown
in Fig. 1. During the 1997 and 1998 growing seasons the
Mid-Atlantic region experienced drought conditions.
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Fig. 1. Precipitation and runoff volume from polyethylene and hairy vetch mulch plots during the 3-yr study. The difference in runoff volume
at each runoff event is significant (p = 0.05) with the exception of runoff events 1997-210, 1998-201, and 1999-184. Error bars represent the
standard deviation of the means.
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Therefore, a number of rain events were simulated using
an overhead sprinkler to provide runoff for analysis.
Runoff events occurring on Day of Year (DOY) 231
(19 August), 240, and 247 of 1997; DOY 170 (19 June),
192,194,224, and 244 of 1998; and DOY 246 (3 Septem-
ber) of 1999 were the result of simulated rainfall. Sev-
enty-five, 69, and 92% of the runoff events collected in
the 1997, 1998, and 1999 field seasons resulted from
natural precipitation.

With the exception of one runoff event in 1997, three

events in 1998, and one event in 1999 where runoff
volumes were similar for both treatments, the volume
of runoff collected from polyethylene mulch plots was
2 to 100 times more than runoff from hairy vetch plots
for individual runoff events. The seasonal water losses
for the 1997 to 1999 growing seasons were 90.6, 55.4,
and 146.0 L m~? per growing season for polyethylene
plots and 36.8, 13.7, and 75.7 L m~? per growing season
for hairy vetch plots, respectively. Rainfall rate and infil-
tration rate determines the overall quantity of surface

*’?‘ 173 49097 2’:?0 O polyethylene
E, 1= M hairy vetch
o 60
& 50
9 40
- 30
o 20
m |
18 T Ilt T T T & ! = f II‘ ‘
RUNOFF EVENT (day of year)
153
] 1998 O polyethylene g

50 1
40
30

SOIL LOSS (g m?)

20 ‘%
10
0 i
0 oy
™ =

=

A
[*,]
™~

189 —mn

165
770 ="

™~

60 1 W hairy vetch
7 o Fe ks f il k
X 0
~ &

RUNOFF EVENT (day of year)

60
~ 50 1999 I O polyethylene
‘\"E | M hairy vetch
o 40
@ 30
S
=|20’
810
A
© O N 9~ o LN L 22 9
eyl eseN

RUNOFF EVENT (day of year)

Fig. 2. Quantity of soil lost with runoff from polyethylene and hairy vetch mulch plots during the 3-yr study. The difference in soil loss at each
runoff event is significant (p = 0.05) with the exception of runoff events 1997-210, 1998-201, and 1998-251. Error bars represent the standard

deviation of the means.
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runoff. In plots containing polyethylene mulch, 50 and
75% of the soil surface is covered with the impermeable
polyethylene, depending on the width of the plastic-
covered tomato beds and bare-soil rows. The reduced
infiltration capacity of the polyethylene plots results in
increased runoff volume compared with hairy vetch
plots that were covered with plant residues, which allow
rainfall infiltration. Similar observations were reported
in the research of McCall et al. (1988) and Wan and El-
Swaify (1999), in which greater runoff volumes were
associated with the use of impermeable plastic mulch
relative to bare soil.

Soil Erosion

Soil loss (g m~?) was calculated based on the total
volume of runoff water collected per plot per runoff
event, the size of each plot, and the mass of filterable
sediments per volume of runoff. Soil loss ranged from
0.27 to 200 g m 2 per event for polyethylene compared
with 0.007 to 33.8 g m~2 per event for hairy vetch (Fig. 2).
With the exception of one runoff event in 1998 where
the values were comparable, the load of soil measured
in individual runoff events from the polyethylene mulch
plots was at least three times the amount measured in
the runoff from the hairy vetch mulch plots. Ten percent
of the runoff events delivered >250 times more soil
from the polyethylene plots. The average soil loss for
the 1997 to 1999 growing seasons was 492,247, and 535 g
m~2 per season for polyethylene plots and 32.8, 38.7,
and 118 g m~? per season for hairy vetch mulch plots.
The difference in soil loss between the two mulch sys-
tems was the result of both the increased runoff volume
and greater concentration of suspended sediments asso-
ciated with the polyethylene mulch plots. The greater
runoff increased the opportunity for off-site transport
of suspended sediments with runoff. In addition, the
flow rate of runoff from the polyethylene plots was 1.2 to
7.5 times greater than hairy vetch plots, which resulted in
suspended sediment concentrations that were four times
greater in polyethylene runoff (geometric mean * stan-
dard deviation = 3334 * 0.87 mg L! for polyethylene
plots and 692 + 1.5 mg L™! for hairy vetch plots). Re-
search has shown that the use of crop residues as an
organic mulch dissipates the energy of rain drops and
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effectively reduces the velocity and amount of surface
runoff (Mannering and Meyer, 1963; Foster and Meyer,
1972). A reduced runoff velocity or flow rate in plots
containing hairy vetch residues may reduce the quantity
of soil displaced with surface runoff and also allow more
suspended sediments to settle out of the runoff, there-
fore reducing the suspended sediment concentration
and soil loads. Similar observations have been noted in
the research of Sur et al. (1992) and Zuzel and Pikul
(1993), in which straw mulch significantly reduced run-
off and soil loss from agricultural plots.

Pesticide Concentration and Load
Dissolved-Phase Organic Pesticides

In order to reduce the overall number of samples for
analysis, equal portions of runoff water from each plot
were combined into one integrated sample per plot for
each rain event (eight integrated samples per event)
and analyzed to compare results between treatments.
Significantly (p = 0.05) greater concentrations (ug L™!)
of a- and B-endosulfan were detected in filtered runoff
from polyethylene plots for 75 and 88%, respectively,
of runoff events collected following the application of
the pesticide formulation. Greater concentrations of
chlorothalonil were also detected in runoff from poly-
ethylene plots; however, the levels were only signifi-
cantly greater (p < 0.05) in 46% of the events. In contrast,
greater concentrations of metribuzin were detected in
runoff from hairy vetch plots for 80% of the collected
runoff events (40% significant at p = 0.05). However,
this is due to a 3:1 difference in the area of application
between treatments. Metribuzin was applied to the en-
tire plot area, tomato beds and rows, of the hairy vetch
plots compared with only the bare-soil rows of the poly-
ethylene plots. Esfenvalerate and fenvalerate were not
detected in the filtered runoff water from either of the
two mulch treatment. The range of dissolved-phase pest-
icide concentrations for individual runoff events occur-
ring in the 1997, 1998, and 1999 field seasons and geo-
metric mean of the pesticide concentrations for the three
field seasons are presented in Table 1.

When runoff volumes were considered, significantly
greater loads (g m~?) of chlorothalonil and endosulfan

Table 1. Pesticide concentration in runoff from tomato plants grown in polyethylene or hairy vetch mulch.

Polyethylenef Hairy vetchf
Pesticide Range Mean (SD)% Range Mean (SD)i
Dissolved phase (pg L™')

Chlorothalonil 30.87-510.8 113.8 (1.07) 6.46-494.8 71.26 (1.25)
«-Endosulfan 0.33-10.68 1.70 (1.31) 0.05-33.89 0.94 (1.86)
B-Endosulfan 0.41-27.9 2.59 (1.32) 0.05-4.67 0.67 (1.81)
Esfenvalerate -§ -§

Metribuzin 0.00-5.42 0.14 (2.57) 0.04-5.30 0.08 (1.09)

Particle phase (png g')

Chlorothalonil 0.52-721 302 483.6 (4.58) 2.79-317 381 164.0 (4.28)
«a-Endosulfan 0.01-14 339 9.43 (5.17) 0.01-23 200 14.61 (5.12)
B-Endosulfan 0.06-14 722 27.05 (5.00) 0.13-35 666 35.46 (5.01)
Esfenvalerate 0.05-4 941 8.30 (5.01) 0.05-10 260 22.11 (4.35)
Metribuzin 0.06-3.77 0.41 (1.76) 1.31-19.28 2.84 (0.59)

+ Data for the 1997, 1998, and 1999 field seasons.
i Geometric mean (standard deviation of the geometric mean).
§ Below the limit of detection for esfenvalerate (0.54 pg L7!).
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Fig. 3. Dissolved- and particle-phase loads of chlorothalonil in runoff following the application of Bravo 720 (a.i. chlorothalonil, 30.81 g per 162
m’ plot). Asterisk(s) represent a significant difference (* for p = 0.05, ** for p = 0.01) in pesticide load between mulch treatments for that
runoff event. Numbers in parentheses represent days between application and runoff. Error bars represent the standard deviation of the means.

(a- and B-isomers) (p = 0.05) were associated with the
dissolved phase of runoff from polyethylene mulch as
compared with hairy vetch (Fig. 3 to 5, Table 2). Statisti-
cal analyses of mean pesticide concentrations (pug L)
from individual runoff events reveal that this difference
in load (g m~?) is due to significantly greater pesticide
concentrations (p = 0.05) in addition to larger runoff
volumes (Table 1, Fig. 1). Correlation analysis of data
collected in the first runoff events following pesticide
application revealed that chlorothalonil loads were
more attributed to runoff volume than dissolved-phase
concentrations for both polyethylene and hairy vetch
plots (polyethylene: r = 0.83 volume, r = 0.00 concen-
tration; hairy vetch: » = 0.57 volume, r = 0.06 con-
centration). Runoff volume and dissolved-phase con-
centrations of a- and 3-endosulfan were both important
to endosulfan loads (a-endosulfan, polyethylene: r =
0.76 volume, r = (.88 concentration; hairy vetch; r =
0.92 volume, r = 0.99 concentration) (B-endosulfan,

polyethylene: r = 0.48 volume, » = 0.96 concentration;
hairy vetch: r = 0.86 volume, r = 0.71 concentration).

In contrast, comparable or greater loads of metribuzin
were associated with the initial runoff from the hairy
vetch plots, with the exception of one runoff event in
1998 (DOY 202) (Fig. 6). Although runoff volumes were
larger from polyethylene plots, the greater concentra-
tions of metribuzin in the hairy vetch runoff, as a result
of the increased area of metribuzin application, resulted
in similar or increased loads. The geometric means for
loads of metribuzin were similar from polyethylene plots
and hairy vetch plots (Table 2).

Particle-Phase Organic Pesticides

Opverall, chlorothalonil concentrations on particles
(ng pesticide g~ ! solids) filtered from composited runoff
water samples were significantly greater (p = 0.05) from
the polyethylene plots than hairy vetch plots (Table 1).
The reverse was true for esfenvalerate concentrations
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the means.

with the exception of one runoff event in 1999 (DOY
246). Similar to esfenvalerate, greater concentrations of
endosulfan and metribuzin were associated with parti-
cles in runoff from hairy vetch plots than from polyethyl-
ene plots. However, this difference was only significant
in 25, 50, and 20% of the runoff events for a-endosulfan,
B-endosulfan, and metribuzin, respectively (p = 0.05).
The same trends were noted with the comparison of
geometric means for the particle-phase pesticide con-
centrations in runoff from polyethylene and hairy vetch
plots (Table 1). Fenvalerate was not detected in the
particle-phase runoff from either of the two mulch
treatments.

Despite the greater concentrations of endosulfan and
esfenvalerate associated with particles from the hairy
vetch runoff, the increased quantity of sediments in the
runoff from the polyethylene mulch plots resulted in
total particle-phase loads (g m~?) of chlorothalonil,
endosulfan («- and B-isomers) and esfenvalerate that
were two times to several orders of magnitude greater

than from the hairy vetch plots (Fig. 3 to 5). In runoff
events where esfenvalerate was detected, particle-phase
loads ranged from 12.2 to 691 pg m 2 from polyethylene
and 7.6 to 125 wg m~? from hairy vetch plots (Fig. 7).
The quantities of metribuzin transported with sediments
in runoff from the hairy vetch and polyethylene mulch
plots were comparable with the exception of one event
occurring in 1998 (DOY 202) (Fig. 6). Geometric means
of particle-phase loads in runoff from polyethylene and
hairy vetch plots were similar for metribuzin but 4, 5, 8,
and 81 times greater in runoff from polyethylene plots
for esfenvalerate, a-endosulfan, B-endosulfan, and chlo-
rothalonil, respectively (Table 2). Correlation analysis
of the initial runoff event following the application of
the pesticides revealed the following. The quantity of
sediment lost with runoff attributed more to the parti-
cle phase load of metribuzin than the concentration of
metribuzin associated with the particles from both mulch
treatments (polyethylene r = 0.93 soil loss, r = 0.46
concentration; hairy vetch r = 0.99 soil loss, r = 0.20
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Fig. 5. Dissolved- and particle-phase loads of 3-endosulfan in runoff following the application of Thiodan 50 WP (a.i. endosulfan, 9.08 g per
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the means.

concentration). Similar trends were noted in runoff
from polyethylene mulch plots for chlorothalonil
(r = 0.94 soil loss, r = 0.71 concentration) B-endosul-
fan (r = 0.97 soil loss, r = 0.58 concentration) and
esfenvalerate (r = 0.96 soil loss, r = 0.50 concentration).
Pesticide concentrations on the suspended sediments
and the quantity of soil lost with runoff were equally
important to particle phase loads of chlorothalonil (r =
0.99 soil loss, r = 0.91 concentration), a-endosulfan (r =
0.99 soil loss, r = 0.99 concentration), and -endosulfan
(r = 0.99 soil loss, r = 0.91 concentration) in runoff
from hairy vetch plots and a-endosulfan (r = 0.97 soil
loss, r = 0.97 concentration) in runoff from polyethyl-
ene plots.

Phase Distribution in Relation to Total Pesticide Load

Loads of pesticides in the dissolved and particle
phases of the runoff were compared to determine which
fraction of the runoff contributed the most to the total

pesticide load (Table 2). In those events following the
application of endosulfan the observed ratio between
the particle and dissolved phases varied between indi-
vidual runoff events. However, the geometric means for
the total endosulfan load (sum of the a- and B-isomer)
were comparable, representing equal loading from both
the dissolved and particulate phases. A comparison of
geometric means for dissolved- and particle-phase loads
of the a- and B-isomers revealed that greater loads of
a-endosulfan were detected in the dissolved phase while
greater loads of B-endosulfan were detected in the parti-
cle phase, with a relatively small difference in loading
between the two phases for both isomers (<three times).
These observations were noted in runoff from both the
polyethylene and hairy vetch plots.

A greater load of chlorothalonil was measured in the
particle phase than the dissolved phase of runoff from
polyethylene plots, but the difference between the geo-
metric means was minimal (<two times). The reverse
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Table 2. Pesticide load in runoff from tomato plants grown in polyethylene or hairy vetch mulch.
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Polyethylenef Hairy vetchf
Pesticide Range Mean (SD)i Range Mean (SD)i
Dissolved phase (pg m2)

Chlorothalonil 2.63-4 371 287.7 (2.04) 0.00-417.5 35.72 (2.36)
a-Endosulfan 0.40-226.9 10.90 (1.86) 0.04-147.2 1.50 (2.25)
B-Endosulfan 0.12-713.9 14.39 (2.65) 0.07-19.50 1.19 (2.00)
Esfenvalerate -§ -§

Metribuzin 0.00-26.50 0.11 (4.18) 0.00-1.64 0.07 (3.57)

Particle phase (ng m?)
Chlorothalonil 2.41-61 535 511.9 (2.52) 0.00-3 845 6.27 (3.60)
«-Endosulfan 0.19-1 150 6.67 (2.01) 0.04-278.6 1.28 (2.71)
B-Endosulfan 1.03-1 180 24.74 (2.20) 0.10-412.6 3.11 (2.60)
Esfenvalerate 0.00-690.5 7.36 (2.42) 0.00-125.4 1.96 (2.24)
Metribuzin 0.38-213.5 1.68 (1.80) 0.04-215.4 1.21 (2.69)
Total load (pg m?)

Chlorothalonil 4.77-65 906 799.6 (4.56) 0.56-4 202 41.99 (5.96)
a-Endosulfan 0.79-1 377 17.57 (3.87) 0.08-420.4 2.78 (4.96)
B-Endosulfan 0.24-1 893 39.13 (4.85) 0.48-423.2 4.30 (4.60)
Esfenvalerate 0.00-690.5 7.36 (2.42) 0.00-125.4 1.96 (2.24)
Metribuzin 0.39-214.1 1.79 (5.98) 0.04-216.5 1.28 (6.26)

T Data for the 1997, 1998, and 1999 field seasons.
¥ Geometric mean (standard deviation of the geometric mean).
§ Below the limit of detection for esfenvalerate (0.54 pg L7!).

Fig. 6. Dissolved- and particle-phase loads of metribuzin in runoff following the application of Lexone DF (a.i. metribuzin, 6.81 g per 162 m
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plot). Asterisks represent a significant difference (p = 0.01) in pesticide load between mulch treatments for that runoff event. Numbers in

parentheses represent days between application and runoff. Error bars represent the standard deviation of the means.
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Fig. 7. Particle-phase loads of esfenvalerate in runoff following the application of Asana XL (a.i. esfenvalerate, 0.44 g per 162 m’ plot). Asterisks
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was true for runoff from hairy vetch plots in which the
geometric mean for chlorothalonil loading was five
times greater in the dissolved phase than the particle
phase. Particle-phase loads contributed the most to the
total load of metribuzin in runoff from both polyethyl-
ene and hairy vetch plots. The means of the metribuzin
loads were 15 and 17 times greater from the particle
phase than the dissolved phase for polyethylene and
hairy vetch plots, respectively. Total loads of esfenvaler-
ate were equivalent to the particle-phase loads, as esfen-
valerate was only detected in the particle phase of the
runoff for both management practices. Additional stud-
ies of pesticide sorption interactions with polyethylene
and vetch residue are needed to accurately predict and
fully understand the phase distribution of pesticides in
runoff from the two mulch systems.

Total Pesticide Load

Total loads, the sum of dissolved- and particle-phase
loads, of chlorothalonil, a-endosulfan, B-endosulfan,
and esfenvalerate were significantly greater from poly-
ethylene mulch plots than hairy vetch plots (p = 0.05).
Runoff from the two mulch systems contained compara-
ble loads of metribuzin despite the three-times-greater
area of application in the hairy vetch plots relative to
the polyethylene plots (Table 2).

Dissolved-Phase Loading Profiles from an Individual
Rain Event

The most important runoff events for pesticide load-
ing occurred late in the season following the fungicide
and insecticide applications when the greatest pesticide
concentrations were observed. Individual runoff sub-
samples were analyzed for dissolved-phase pesticides
and coupled with the flow data to estimate loads of
pesticides with time. A representative example of this
data is presented in Fig. 8 for runoff collected on DOY
244 from the 1998 season.

The difference in the loading profiles for the two

treatments is evident for both chlorothalonil and endo-
sulfan. The sorption of pesticides to polyethylene mulch
may be playing a significant role in the loading profile
of the runoff. If pesticides are strongly adsorbed to the
plastic material, a slow bleed of chemicals off the plastic
may be occurring over the entire event rather than a
large pulse at the beginning followed by a steep decay
rate. If a chemical is more weakly sorbed to the plastic,
the loading profile may illustrate a large pulse at the
beginning of the event followed by a sharp decline.
McCall et al. (1988) noted that the peak concentration
of endosulfan in runoff from black plastic plots occurred
at the beginning of the rainfall event compared with the
peak concentration in the bare soil runoff that occurred
simultaneously with the peak flow. This indicated that
endosulfan was more readily available from polyethyl-
ene than soil.

Interestingly, the loading rate of chlorothalonil for
the polyethylene plots does not appear to be declining
at the end of the sample period, as might be expected.
However, this graph and our runoff sampling program
only represent 58 and 75% of the events’ total runoff
from polyethylene and hairy vetch plots, respectively.
This information also illustrates one of the limitations
of this type of sampling. Because it is impossible to
predict the intensity and duration of rainfall prior to the
event, it is difficult to program the automated sampler to
collect samples evenly throughout the entire event. Each
sampler has a limited number of bottles that may be
filled well before the end of the rain event.

There are a number of factors involved in the off-site
transport and loading of pesticides with surface runoff.
The quantity, phase distribution, and timing of pesticide
loading with runoff can be influenced by the chemical
properties of the pesticide, interaction of the pesticide
with soil and mulch, and the availability of the pesticide
to be transported with runoff in the water phase or
attached to suspended sediments.

With the exception of the preemergent herbicide (me-
tribuzin), which is applied to the bare soil or soil covered
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Fig. 8. Dissolved-phase loading of chlorothalonil, a-endosulfan, and -endosulfan with time. The runoff event occurred in 1998 on Day of Year
244, which was 4 d following the application of chlorothalonil and endosulfan.

with vetch residue, the fungicide (chlorothalonil) and
insecticides (endosulfan, esfenvalerate) were applied to
the tomato plants. Inevitably, a percent of the applied
pesticides are either washed off the foliage onto the
mulch or are directly applied to the mulch during foliar
application. Adsorption—desorption of pesticides to the
mulch will influence the agrochemicals’ availability to
be transported with surface runoff. Sorption of pesti-
cides to polyethylene has been shown to be influenced
by the chemical properties of the pesticide as well as
the density of the polyethylene (Vuik et al., 1990; Topp

and Smith, 1992). In order to fully understand pesticide
transport with runoff in the two mulch systems, addi-
tional studies of pesticide—vetch residue and pesticide—
polyethylene sorption interactions are needed.

Total pesticide loads with runoff are equivalent to
the volume of carrier, suspended particle and/or water,
times the concentration of pesticide associated with that
carrier. Research has shown that rainfall may interact
with agrochemicals on the top centimeter of soil, termed
the mixing zone or extraction zone. The greater the
time between the initiation of rainfall and runoff, the
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more time the pesticide has to infiltrate into the soil,
which will reduce the availability and therefore the
quantity of agrochemicals that are transported with sur-
face runoff (Iowa State University, 1992; Baker and
Mickelson, 1994; Wauchope, 1996). Because the infiltra-
tion rate relative to rainfall rate determines the overall
quantity of surface runoff, the reduced infiltration ca-
pacity of the polyethylene plots and the reduction of
pesticides leaching below the extraction zone explains,
in part, the increased runoff volume and greater concen-
tration of pesticides measured in runoff from polyethyl-
ene mulch. Management practices that reduce or en-
hance either runoff volume or soil loss will influence
pesticide loading.

CONCLUSION

Our side-by-side instrumented field plots have shown
that significantly greater volumes of runoff water were
collected from plots containing polyethylene mulch (p =
0.05). Associated with the additional runoff volume was
greater soil erosion and increased off-site loading of
pesticides in both the dissolved and particle phase of
runoff. There is concern that runoff from fresh-market
vegetable production, particularly from management prac-
tices with polyethylene mulch, contributes to water
quality degradation and adverse effects on shellfish and
other aquatic organisms. Our study comparing polyeth-
ylene mulch with a vegetative mulch and the research
of McCall et al. (1988) and Wan and El-Swaify (1999)
comparing polyethylene mulch with bare soil revealed
that greater runoff volumes are associated with the im-
permeable polyethylene mulch. In addition, our com-
parative study has shown significantly (p = 0.05) greater
loads of soil and pesticides with runoff from polyethyl-
ene plots, which suggest that this management practice
will have greater adverse effect on the surrounding envi-
ronment. Our speculation was confirmed with the re-
search of Hetzer et al. (1999, 2000), in which runoff
collected from the same polyethylene plots proved to
be more toxic to aquatic organisms than runoff from the
more permeable hairy vetch mulch. The vegetative mulch
reduced both sediment-bound and dissolved chemical
loads, which reduced exposure and detrimental effects
to growth and development, growth and survival, and
survival and reproduction of diatom (Thalassiosira
psuedonana), amphipod (Leptochierus plumulosus),
and copepod (Eurytemora affinis), respectively. In or-
der to reduce the environmental impact of vegetable
production, we need to reduce runoff volumes leaving
agricultural areas. This may require the adoption of
different management practices that (i) replace the im-
permeable polyethylene mulch with a mulch that allows
greater rainfall infiltration or (ii) maintain the use of
polyethylene mulch with the addition of vegetative rows
between polyethylene mulch beds or vegetative strips
along the edge of the fields, to retard and reduce runoff
from polyethylene mulch systems. A reduction in runoff
volume would reduce soil erosion along with particle-
and dissolved-phase pesticide loads.
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